Aims
It has previously been demonstrated that the ratio of early mitral inflow velocity to global diastolic strain rate (E/e 0 sr) is a significant predictor of cardiac events in specific patient populations. The utility of this measurement to predict cardiovascular events in a general population has not been evaluated. 
Methods and results
A total of 1238 participants in a general population study underwent a health examination including echocardiography where global longitudinal strain (GLS) and E/e 0 sr were determined. The primary endpoint was the composite of incident heart failure (HF), acute myocardial infarction (AMI) or cardiovascular death (CVD). During follow-up (median 11 years), 140 (11.3%) participants reached the composite endpoint. E/e 0 sr was associated with adverse outcome [HR 1.17 95% CI (1.13-1.21); P < 0.001, per 10 cm increase]. After multivariable adjustment for echocardiographic and clinical parameters, E/e 0 sr remained an independent predictor of the composite endpoint [HR 1.08, 95% CI (1.02-1.13); P = 0.003] as opposed to E/e 0 [HR 1.03 , 95% CI (0.99-1.06); P = 0.11 per 1 unit increase].
Global longitudinal strain modified the relationship between E/e 0 sr and outcome (P for interaction = 0.015). E/e 0 sr was a stronger predictor in participants with good systolic function as determined by GLS (GLS > 18%) after multivariable adjustment, when compared to participants with reduced systolic function (GLS < 18%) [HR 1.28 95% CI (1.06-1.54); P = 0.011, and HR 1.08 95% CI (1.02-1.14); P = 0.012, respectively). 
... Conclusion
In the general population, E/e 0 sr provides independent and incremental prognostic information regarding cardiovascular morbidity and mortality. Additionally, E/e 0 sr is a stronger predictor of cardiac events than E/e 0 . [4] [5] [6] Myocardial ischaemia leads to impaired active relaxation during diastole and to reduced early diastolic untwisting and ventricular suction. These events affect E/e 0 sr. Furthermore, E/e 0 sr is also influenced by co-morbid conditions such as diabetes and hypertension, which affect myocardial relaxation through myocardial hypertrophy and deposition of triglycerides. 8, 9 E/e 0 sr has not previously been investigated as a prognosticator in addition to existing echocardiographic indices in a large-scale study on a general population. Hence, the aim of this study was to determine the prognostic significance of E/e 0 sr in the general population.
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Methods
Study population
This longitudinal cohort study included 2154 participants who underwent echocardiographic examination including colour tissue Doppler imaging (TDI) and 2D speckle tracking analysis. Exclusion criteria were prevalent diagnosis of heart failure (HF), atrial fibrillation, and inadequate image quality for 2D speckle tracking. After exclusion, 1238 participants remained. Exclusion process is displayed in Figure 1 and has been described in detail in the Supplementary material online, Page 2. The study was performed in accordance to the second Helsinki Declaration and approved by the regional ethics committee.
Health examination
Detailed information is available in the Supplementary material online and has also previously been described elsewhere.
10,11
Echocardiography Echocardiography was performed using Vivid 5 ultrasound systems (GE Healthcare, Horten, Norway) with a 2.5-MHz transducer by three experienced sonographers. All participants were examined with complete 2D, colour, and spectral Doppler echocardiography and colour TDI. All echocardiograms were stored on magneto-optical disks and an external FireWire hard drive (LaCie, France) and analysed offline with commercially available post-processing software (EchoPac version 8, GE Medical, Horten, Norway).
Conventional echocardiography and colour tissue Doppler imaging
Conventional echocardiography and colour TDI was performed as has been previously described 10, 11 . An elaborate description is available in the Supplementary material online, Page 2.
Speckle tracking echocardiography
Two-dimensional speckle tracking was performed in the 4-chamber, 2-chamber, and 3-chamber apical projections with an average of 57 frames per second (FPS), standard deviation (SD) of 4 FPS. Speckle tracking methodology is described in detail in the Supplementary material online, page 3. The mean values of all LV segments from all three apical views were used to calculate GLS and e 0 sr. E/e 0 sr ratio was calculated as E velocity (m/s) divided by the absolute value of global e 0 sr (s -1 ). In cases where speckle tracking was deemed unsatisfactory from one of the chamber views, it was obtained from the mean value of the remaining chamber projections. A total of 1094 subjects had 4 chamber views adequate for speckle tracking analysis, 770 had adequate 2 chamber views, and 586 subjects had adequate 3 chamber views for speckle tracking analysis. Thus, all 3 apical views were adequate for strain analysis in 396 participants, 2 in 527, and 1 in 315 participants.
Previously, our lab has shown good intra-and interobserver variability of GLS. In the same study, we also found a good intra-and interobserver variability of strain rate e with a small bias (for strain rate e: mean difference ± 1.96 SDs was -0.06 ± 0.25 for the intraobserver analysis and 0.06 ± 0.28 for the interobserver analysis). 12 One investigator who was blinded to all other information analysed all 2D echocardiograms by speckle tracking.
Follow-up and outcome
Follow-up was 100%. The primary endpoints were defined as CVD or admission due to either acute MI or incident HF. The Danish National Board of Health's National Patient Registry was used to retrieve the endpoints in the Copenhagen City Heart Study by using International classification of diseases codes 10th revision (ICD-10). This is described in more detail elsewhere. 10 Furthermore, the National Danish Causes of Death
Registry was used to obtain follow-up data regarding CVD. ICD-10 codes I00-I99 were used to define CVD.
Statistics
STATA statistics/data analysis, SE 12.0 (StataCorp, College Station, TX, USA) was used for all analyses. Statistical significance was defined as P < _ 0.05. Baseline clinical and echocardiographic data across E/e 0 sr quartiles ( Table 1 ) were compared by trend tests using linear regression for continuous Gaussian distributed variables and with an extension of the Wilcoxon rank-sum test 13 for continuous non-Gaussian distributed variables. The v 2 for trend for proportions were used when relevant. Rates of all events were calculated as the number of events divided by persontime at risk. Figure 2 was constructed using a Poisson model to estimate incidence rates. The association between E/e 0 sr and the composite outcome was tested using restricted cubic splines with the number of knots selected according to the value associated with the lowest Akaike information criterion value. Both linear and non-linear interaction terms were tested using this method. Cox proportional hazards regression models were used to examine the associations of baseline variables, echocardiographic parameters, and E/e 0 sr with the risk of the composite endpoint and are displayed in Tables 2 and 3 . Univariable Cox proportional hazards regression models were used to obtain Harrell's c-statistics 14 in order to test the prognostic value of E/e 0 sr for predicting the composite endpoint. Left ventricular ejection fraction (LVEF) and proBNP were dichotomized in high/low categories using LVEF cut-off of 50% and Ratio of transmitral early filling velocity to early diastolic strain rate
proBNP > 150 pmol/L and included as dichotomous terms when used in the multivariable Cox regression models. Furthermore, Harrell's C-statistics was used to explore the incremental value of adding E/e 0 sr and the other variables to the clinical predictors from the SCORE risk chart 15 (Supplementary material online, Table S3 ). Calibration of the model was evaluated with Groennesby-Borgan goodness-of-fit v 2 -estimates using deciles. Competing-risks regression models were used to account for non-cardiovascular death as a competing risk to the composite outcome (our event of interest).
Results
Mean age of the study sample was 56.9 ± 16.2 years and 42.2% were male ( Table 1) . During the follow-up period (median 11.0 years, Interquartile range (IQR): 9.9-11.2 years), 72 (5.8%) participants were admitted due to HF, 41 (3.3%) were admitted due to a MI, and 71 (5.7%) of the participants died due to cardiovascular causes. In total, 140 (11.3%) of the participants reached the composite outcome ( Figure 3) . The median E/e 0 sr ratio was 0.63 m, and higher E/e 0 sr was significantly associated with higher age, male sex, higher BMI, higher proportion of smokers, higher cholesterol levels, higher systolic and diastolic blood pressure, reduced LVEF, increased LVMI, longer deceleration time, LV hypertrophy, left atrial diameter, and lower GLS ( Table 1) . Diastolic measurements (deceleration time, E/e 0 , and E/A ratio were not included in the models with E/e 0 sr due to the collinearity of these predictors). Differences in variables between excluded and included participants are shown in Supplementary material online, Table S1 . Table S2 .
After multivariable adjustment for echocardiographic and clinical parameters being age, gender, heart rate, BMI, smoking, previous ischaemic heart disease, systolic blood pressure, diabetes, eGFR, proBNP, LVEF (<50%), LVMI, LV dilatation and left atrium dimension, E/e 0 sr remained an independent predictor [HR 1.08 A, peak transmitral late diastolic inflow velocity; AMI, acute myocardial infarction; BMI, body mass index; DT, deceleration time of early diastolic inflow; E, peak transmitral early diastolic inflow velocity; e 0 , average peak early diastolic longitudinal mitral annular velocity determined by colour TDI; E/e 0 sr, ratio of peak transmitral early diastolic inflow velocity to global early diastolic strain rate; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; LVIDd, left ventricular internal diameter at enddiastole; LVMI, left ventricular mass index; proBNP, pro B-type natriuretic peptide.
analysis with the composite outcome being the event of interest and non-cardiovascular death the competing event, similar results were found (Supplementary material online, Table S4 ).
Global longitudinal strain modified the relationship between E/e 0 sr and outcome (P = 0.015) ( Figure 2 Incremental value of E/e 0 sr in relation to predicting cardiovascular morbidity and mortality in the general population
The SCORE risk chart is currently the primary risk stratification model used for evaluating risk of cardiovascular morbidity and mortality in the general population. In order to assess the incremental value of E/e 0 sr we added the measurement to the SCORE risk chart Table S3 . Calibration of the model Figure 2 Incidence rate of heart failure, acute myocardial infarction or cardiovascular mortality according to E/e 0 sr and high/ reduced global longitudinal strain groups. Displaying the unadjusted incidence rate of heart failure, acute myocardial infarction or cardiovascular mortality (with 95% confidence intervals) per 1000 person years for the population according to high/reduced global longitudinal strain. A significant linear association was found between E/e 0 sr and the composite outcome in participants with both reduced and high global longitudinal strain, P < 0.001 for both, with an overall P-value for linear association being 0.015. Non-linear association was tested but was not significant in participants with high global longitudinal strain, P = 0.10 nor for reduced global longitudinal strain, P = 0. 16 . Hazard rates are calculated per 10 cm increase of E/ e 0 sr. GLS, global longitudinal strain; HR, hazard rate; E/e 0 sr, ratio of transmitral early filling velocity to early diastolic strain rate. Model 1 is adjusted for age and gender. Model 2 is adjusted for age, gender, heart rate, BMI, diabetes, eGFR, smoking, previous ischaemic heart disease, systolic blood pressure, and proBNP (>150 pmol/L). Model 3 is adjusted for the same variables as Model 2 and additionally for left ventricular (LV) ejection fraction (<50%), LV mass index, LV dilatation, and left atrium dimension. E/e 0 sr is per 10 cm increase. AMI, acute myocardial infarction; CI, confidence interval; E/e 0 sr, ratio of peak transmitral early diastolic inflow velocity to global early diastolic strain rate; HF, heart failure. with E/e 0 sr included was evaluated and found good (P = 0.61) (Supplementary material online, Figure S1 ). In order to test the additive prognostic value of E/e 0 sr to GLS in the study population, E/e 
Discussion
This is the first study to assess the prognostic usefulness of E/e 0 sr in a general population. In this prospective study of a general population who participated in an extensive cardiac examination including echocardiography with speckle tracking and long-term outcome ascertainment, we demonstrate that: (i) LV filling pressure as assessed by E/e 0 sr is a significant predictor of the composite outcome; MI, HF, and/or CVD independent of clinical and other echocardiographic predictors, (ii) E/e 0 sr is a stronger prognosticator in participants with good systolic function as opposed to participants with reduced systolic function, (iii) E/e 0 sr provides incremental prognostic value in predicting the composite cardiovascular (CV) outcome beyond the SCORE risk chart, and (iv) E/e 0 sr is a superior predictor of cardiovascular morbidity and mortality when compared to E/e 0 in the population.
The prognostic value of E/e 0 sr compared with E/e 0 It may be hard to fully capture the early regional and global myocardial relaxation abnormalities with annular myocardial velocities assessed by TDI due to various factors. This may be due to the limitations of Doppler methods such as the angle dependency with the risk of significant errors with angulations >20
. 16 Using e 0 as a velocity-based assessment of the early relaxation sampled from the lateral and septal mitral annulus might not correctly reflect global diastolic LV function.
Instead, a global measurement should be used to assess the overall LV function to avoid a misrepresentation of the overall LV function. Our discoveries can be interpreted in the context that deformation-based diastolic evaluation not only superiorly reflects all LV myocardial regions but also potentially offers better discriminative information on pathological injury of the LV. Consequently, indexing E to e 0 sr possibly yields more information on the global relaxation properties of the myocardium when compared to annular velocity-based measures. This indicates that E/ e 0 sr might be a more sensitive and physiological approach to retrieve information on myocardial relaxation properties and haemodynamics in a large general population. Ratio of transmitral early filling velocity to early diastolic strain rate assessing the global myocardial relaxation properties with the use of E/e 0 sr as a superior alternative to E/e 0 in participants with good systolic function assessed by GLS. Additionally, we showed that E/ e 0 sr provides incremental prognostic information over and beyond GLS alone.
Left ventricular filling pressure assessed by E/e 0 sr
Previous studies have shown a closer association between E/e 0 sr and invasively measured LV filling pressure compared with E/e 0 in various populations. [4] [5] [6] E/e 0 sr has previously been demonstrated as an incremental prognosticator superior to LVEF and GLS in a large STEMI population. 7 In an atrial fibrillation population E/e 0 sr was demonstrated to be a superior prognosticator to E/e 0 . 17 E/e 0 sr was found to be superior when compared to E/e 0 in predicting outcomes in a population of patients with systolic HF. Furthermore, they found that E/e 0 sr provided incremental prognostic information when compared with GLS. 18 We found similar results in the present report.
However, the evidence is not clear at the current moment since a recent study 19 did not find E/e 0 sr to have prognostic value in STEMI patients, which is in contrast to the findings of Ersbøll et al.
7
In our study we found that, when examining a large general population, E/e 0 sr was a superior prognosticator to E/e 0 , especially in persons with good systolic function as assessed by GLS. This suggests that E/e 0 sr may not be appropriate as a predictor of cardiac events in persons with overt systolic dysfunction. It seems that E/e 0 sr could work as an early marker of cardiac pathology in the general population. This may be due to the slowly progressive impairment of active myocardial relaxation in the diastole where the ATP hydrolysis is required for the actin-myosin separation and the calcium dissociation from troponin-C. Furthermore, inappropriate ADP/ATP ratio, changes in cytosolic Ca þ and changed expression in extracellular matrix components of the myocardium have been suggested to affect early diastolic dysfunction. 20 These are subtle changes where diastolic function is probably affected before the systolic function. In this way, E/e 0 sr might be a sensitive marker of early cardiac dysfunction.
It is important to identify high-risk individuals in the general population. This may improve risk stratification and assist in identifying subjects which could benefit from early intervention to reduce progression of cardiac dysfunction. 21 The range of E/e 0 sr in our study correlates well with previous studies investigating the prognostic value of E/e 0 sr. Thus, we believe our observed difference in E/e 0 sr between those who met the composite outcome and those who did not to be of clinical significance. 22 
Limitations
There are several limitations to this study. The study sample was almost exclusively Caucasian, which limits the generalizability of our results to other ethnicities and races. Furthermore, e 0 was measured with colour TDI instead of pulsed wave TDI which is the clinically used modality. Global longitudinal strain and/or E/e 0 sr was not obtained in 916 participants due to either low frame rate and/or inadequate images. However, these images were obtained with outdated ultrasound systems (Vivid 5, GE Healthcare) between 2001 and 2003. This proportion would have been substantially lower, had the study been conducted today with more recent ultrasound systems.
E/e 0 sr proved to be an independent predictor even though the included group of participants had better mean baseline data than participants excluded due to low frame rate and/or inadequate images (Supplementary material online, Table S1 ), thus underscoring the sensitive value of the measurement.
Conclusion
In the general population, E/e 0 sr is an independent predictor of cardiovascular morbidity and mortality. E/e 0 sr provides incremental prognostic information over and above the current risk assessment model for a composite cardiovascular endpoint. In addition, E/e 0 sr seems to be a stronger predictor of cardiac events than E/e 0 in the general population.
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